In this research, the effect of alloying elements on the mechanical and electrical properties of powder metallurgy (PM) copper composite reinforced with vapor-grown carbon bers (VGCFs) was investigated. The alloying elements were titanium (Ti) and silicon (Si) that could easily form their carbides at elevated temperatures. The VGCFs-doped Cu-Ti composites showed a slightly decreased yield stress in comparison with the unadulterated Cu-Ti alloy. The electrical conductivity of the composite materials increased with increasing VGCFs content. However, the VGCFs-doped Cu-Si composites exhibited the same mechanical and electrical properties as the Cu-Si alloy. It was found that the reaction between Ti and VGCFs in forming TiC particles consumed the Ti solutes in the matrix and led to a reduction of solid solution strengthening effect by Ti elements, whereas the reaction between Si and VGCFs in forming SiC was observed. In addition, VGCFs adulteration showed no effect on the strength and conductivity improvement of Cu-Si alloy.
Introduction
Nowadays, transportation equipment must have both high performances for control mechanism and the advantage on energy saving. In this case, electronic and electrical products of multi-function and light weight are preferred in the transportation facilities. Copper has been widely-used in electronics and electric devices, and with the addition of other elements, its strength can be largely improved due to solid solution and/or precipitation strengthening 1, 2) . However, the alloying elements have been found detrimental to the thermal and electrical conductivity, since the impurity elements served as barriers to the electron transfer in the copper matrix 3) . Therefore, it has been very dif cult to produce copper alloys with both high strength and electrical conductivity through conventional metallurgy methods.
The attempt of producing Cu-based composites with high strength and electrical conductivity via adulterating carbon materials was performed in a series of studies. In a previous study 4) , Cu-0.5 mass% Ti alloy powders were doped with carbon nanotubes (CNTs) and then consolidated by rapid solidication to produce copper-based composites with high strength and high electrical conductivity. The Cu-0.5Ti alloy based composite reinforced with 0.19 mass% CNTs exhibited a yield strength (YS) of 202.1 MPa and an ultimate tensile strength (UTS) of 308.3 MPa with an elongation-to-failure of 38.9%. The YS of the composite was found twice as high as that of pure copper, while its ductility was comparable to conventional high strength copper alloy such as high strength brass. Furthermore, while the monolithic Cu-0.5Ti alloy demonstrated an electrical conductivity value of 42.5 IACS%, which was close to the same alloy produced by ingot metallurgy (39.8 IACS%), the CNTs reinforced Cu-0.5Ti composite showed a value of 83.5 IACS%. This improved electrical conductivity was due to the reaction between the CNTs and Ti that decreased the amount of solid solute Ti by formation of TiC and Cu-Ti compounds. In addition, the chemical reaction between Ti and CNTs strengthened the bonding between copper matrix and CNTs, which therefore led to the improved strength.
In the present study, the properties of Cu alloy based composites reinforced with various contents of VGCFs were investigated under the same experimental conditions as before. The Cu alloy powders used in this study were also produced by rapid solidi cation. The aim of this work is to investigate the effect of reaction between VGCFs and alloying elements on the mechanical properties and electrical conductivity of copper alloy based composites.
Experimental Procedure
The starting materials included two different copper alloys fabricated using the water atomization process, and VGCFs of 100-150 nm in diameter and 1.0-5.0 μm in length. One copper alloy powder was composed of 99.6 mass% Cu and 0.4 mass% Ti (Cu-0.4Ti) with a mean particle size of 159.3 μm, while the other was of 99.5 mass% copper and 0.5 mass% silicon (Cu-0.5Si) with a mean particle size of 168.3 μm. These raw materials are shown in Fig. 1 .
Copper alloy powders and 0.02 mass% oil (Clesafe oil: JX Nippon Oil & Energy) were mixed by ball milling (AV-2: ASAHI RIKA Co.) for 3.6 ks at 120 rpm. Then, the copper alloy/VGCFs powder mixtures were prepared by rocking milling (RM-05: SEIWA GIKEN Co.) for 3.6 ks at 60 Hz. The amount of carbon originating from VGCFs was measured by the infrared absorption method using a carbon analyzer (EMIA-221V: HORIBA). The composite powders are named as Cu-0.4Ti/XVGCFs and Cu-0.5Si/XVGCFs in accord with the mixed amount of VGCFs.
The above composite powders were consolidated by the spark plasma sintering (SPS, SPS Sumitomo Coal Mining Co., SPS-1030) process at 1223 K for 30 min under 30 MPa pressure in a vacuum condition (< 6 Pa). The sintered billets were preheated up to 1073 K with a heating rate of 2 K/s in Ar atmosphere using an infrared ray gold image furnace (TPC-1000: ULVAC Co.), and then immediately extruded in a hydraulic press machine (2000 kN SHP-200-450: SHI-BAYAMAKIKAI Co.). The extrusion ratio was 12.8 with a speed of 3 mm/s.
Mechanical properties of the extruded composites were evaluated by tensile testing equipment (AUTOGRAPH AG-X: SHIMADZU) at a strain rate of 5 × 10
. The electrical conductivity was measured using an electrical conductivity meter (AutoSigma 3000: GE Inspection Technologies). The microstructures were examined via scanning electron microscope (SEM, JSM-6500F: JEOL). The reaction between the matrix and VGCFs was analyzed by X-ray energy dispersive spectroscopy (EDS EX-64175JMU: JEOL) attached to the SEM and transmission electron microscope (TEM, JEM-2100F: JEOL). The TEM samples were prepared by using a focused ion beam apparatus (FIB, FB-2000S: Hitachi). . After rock milling without using oil, the VGCF clusters of 20-50 μm were still present at cavities on the powder surface, although clusters of over 100 μm disappeared. On the other hand, when the oil coating process was used, the VGCFs were uniformly dispersed on the copper alloy powder surface, regardless of the type of copper alloy powders. Figure 3 presents the relationship between the added content of VGCFs and the measured carbon content in the as-extruded Cu composites. It is obvious that the carbon content was proportional to the VGCF contents, and was not affected by oil addition in the milling process. It is reasonable because only a small amount of oil was added and it can be decomposed at 723 K completely.
Results and Dissections
The tensile properties of the extruded copper materials with/without VGCFs are shown in Table 1 . The extruded monolithic Cu-0.4Ti alloy showed 315 MPa UTS, 225 MPa YS, and 23.7% elongation, while the Cu-0.4Ti/XVGCFs composites exhibited slightly decreased YS and UTS with increasing VGCFs contents. Nevertheless, the UTS and YS of these composites were still higher than that of PM pure copper composite of previous study 4) . For example, Cu-0.4Ti/ 0.1VGCFs showed a YS of 183 MPa, twice as high as that of PM pure Cu. Meanwhile, these composites exhibited an elongation of over 30%. In contrary, the addition of 0.1 mass% VGCFs into Cu-0.5Si showed marginal in uence on the mechanical properties of the composites. Figure 4 shows the dependence of electrical conductivities on the VGCFs contents of extruded Cu-0.4Ti/XVGCFs and Cu-0.5Ti/XVGCFs composites. Electrical conductivity of monolithic PM Cu-0.4Ti alloy was 46.0 IACS%, which was similar to electrical conductivity of Cu-0.5Ti cast ingot (39.8 IACS%) 4) . With increasing the VGCFs content up to 0.1 mass%, the electrical conductivity of Cu-0.4Ti/XVGCFs composites increased continuously and dramatically to a value of 86.0 IACS% for Cu-0.4Ti/0.1VGCFs. Generally, pure copper or copper alloy based composites reinforced with carbon nano-particles such as VGCFs have lower electrical conductivity in comparison with the unreinforced materials due to the low wettability and reactivity between copper alloy matrix and nano-particles [6] [7] [8] . However, in the present work, the Cu-0.4Ti/0.1VGCFs fabricated via PM method and hot extrusion exhibited twice electrical conductivity comparing with monolithic Cu-0.4Ti alloy. Therefore, this composite had both higher strength and electrical conductivity than the Cu-Ti/CNT composites in previous study 4) . On the other hand, the Cu-0.5Si/VGCFs composite demonstrated no noticeable change of the electrical conductivity in comparison with that of the Cu-0.5Si alloy.
The mechanism of the alloy elements in copper matrix was investigated through microstructural examination. Figure 5 displays the X-ray analysis results of the extruded materials. The analysis was focused on the diffraction peak corresponding to the (2 0 0) face in copper. In comparison with pure copper, the diffraction angle of as-extruded Cu-0.4Ti shifted to a higher angle. This was attributed to the effect of solid solution Ti in copper matrix. With the addition of VGCFs, the diffraction angle of Cu-0.4Ti/0.1VGCFs showed a slight shift to a smaller angle in comparison with that of Cu-0.4Ti. It suggested that the amount of solid solute Ti in the matrix was decreased due to the addition of VGCFs. In the case of Cu-0.5Si/XVGCFs, X-ray diffraction angle of (2 0 0) face were not in uenced by the addition of VGCFs. Thus, solid solution Si was considered to be stable and did not react with VGCFs in the Cu-0.5Si/VGCFs composite.
The SEM-EDS analysis on Cu-0.4Ti/VGCFs and Cu-0.5Si/VGCFs is shown in Fig. 6 . VGCFs were identi ed by the EDS mapping with high carbon concentration. Regarding Cu-0.4Ti/0.1VGCFs, highly-concentrated Ti element was found around the interface between VGCFs and copper matrix. From the point analysis, the Ti content in the matrix of Cu-0.4Ti/0.1VGCFs was approximately 0.02 mass%, which was lower than that of the Cu-0.4Ti alloy, a measured value of around 0.36 mass%. In general, the electrical conductivity of copper alloys decreases exponentially with an increase of the amount of additive elements 9) . The electrical conductivity of Cu-0.4Ti/0.1VGCFs was consistent with the published value for the Cu-Ti alloy with 0.02 mass% solid solution Ti in the literature 10, 11) . Therefore, the electric conductivity improvement in Cu-0.4Ti/XVGCFs composites was attributed to the decrease of Ti content in the matrix due to the VGCFs addition. On the other hand, Si element in Cu-0.5Si0.1VGCFs composites was uniform and no signi cant Si concentration around VGCF was observed, which explains the unimproved electric conductivity in Cu-0.5Si0.1VGCFs.
The as-extruded Cu-0.4Ti/0.1VGCFs was also examined by using TEM-EDS to investigate the concentration phenom- enon of Ti around VGCF. Figure 7 (a) and (b) show the TEM-EDS mapping results for Cu-0.4Ti and Cu-0.4Ti/0.1VGCFs, while (c) is an electron diffraction image corresponding to the circled area in Fig. 7 (b) . It is apparent that, for the as-extruded Cu-0.4Ti, the solid solution Ti was uniformly dispersed in copper matrix; while for the Cu-0.4Ti/0.1VGCF composite, Ti concentrated at locations rich in carbon element. The diffraction pattern taken from the Ti-rich area veri ed that there was TiC phase in the Cu-0.4Ti0.1VGCFs composite. In previous study, it was found that the solid solution Ti precipitated as Cu-Ti compounds during heating in rapidly solidi ed Cu-0.4Ti powder 4) . These compounds could decompose at 1223 K 9) and the Ti atoms then diffused into primary particle boundaries. Those Ti atoms might react with VGCFs to form TiC, which is more stable than Cu 4 Ti( G TiC : −1.71 kJ/ mol 12) and G Cu4Ti : −1.12 kJ/mol at 1223 K 13) ). On the other hand, the reason why VGCFs did not react with Si in Cu-0.5Si/0.1VGCFs is attributed to that Si solid-solution was very stable in Cu-0.5Si alloy during the sintering at 1223 K [14] [15] [16] . Regarding the continuous decrease of the UTS and YS of Cu-0.4Ti/XVGCFs composites with an increase of VGCFs addition, as well as the reduced amount of Ti solid solution due to reaction with VGCFs, the effect of Ti content on the strength contribution to Cu-Ti alloys was investigated. To this end, rapidly solidi ed Cu-XTi powders with different amounts of Ti addition were prepared. Those alloy powders were consolidated by the same process. The YS of these alloys was plotted against the Ti content in Fig. 8 . The experimental results were well tted by the Fleischer-Friedel model based on the theory of solid-solution strengthening. Thus, the model was then used to evaluate the strength variation in Cu-0.4Ti/ XVGCFs due to the reduction of Ti content in the matrix. For example, it has been known that the amounts of solid solution Ti in the matrix of Cu-0.4Ti and Cu-0.4Ti/0.1VGCFs were 0.36 mass% and 0.02 mass% respectively. According to a theoretical evaluation by the model, the YS difference between Cu-0.4Ti and Cu-0.4Ti/0.1VGCFs should be around 66.5 MPa. However, the actual difference shown in Table 1 was only 37.8 MPa. Therefore, there was a gap of 28.7 MPa existing between the theoretical and experimental values. On the other hand, many TiC particles were formed when the solid solution Ti decreased. Thus, the strength gap between the theoretical evaluation and experimental results could be attributed to the disperse strengthening due to the presence of TiC particles, as well as possibly remaining VGCFs and Cu- Ti compounds.
It is now easy to understand the underlying mechanism of both high mechanical and electrical properties in Cu-0.4Ti/0.1VGCFs. The reaction between solid solution Ti and VGCFs reduced the Ti content in copper matrix by forming TiC particles, which therefore greatly improved the electrical conductivity of the composite. On the other hand, although the reduction of Ti content lowered the strength of copper matrix, the in-situ formed TiC particles and possibly residual VGCFs and Cu-Ti compounds strengthened the composite by disperse strengthening and load transfer from matrix to particles. In addition, due to the formation of in-situ TiC particles along the interface between VGCFs and matrix, the interface bonding was reasonably stronger than those bonded by mechanical friction. Hence, the Cu-0.4Ti/0.1VG-CFs composite also held a high elongation to failure. On the other hand, Si showed stable solid solution in Cu-0.5Si matrix at high temperatures. As a result, reaction did not occur between the solid solution Si and VGCFs in Cu-0.5Si/VGCFs, thus leading to merely changed mechanical and electrical properties in comparison with unreinforced Cu-0.5Si alloy.
Conclusions
In this work, copper alloys with both high strength and high electrical conductivity were developed by using powder metallurgy. The reaction effect between the alloying elements and additive VGCFs on the mechanical and electrical properties was investigated for Cu-0.4Ti and Cu-0.5Si based composites. The research outcomes are summarized as follows.
(1) The Cu-0.4Ti/XVGCFs composites exhibited slightly decreased tensile strength with increasing the VGCFs content as a result of the reaction between solid solution Ti and VGCFs. Nevertheless, the materials still showed much higher strength than that of PM pure Cu while maintaining a large elongation to failure over 30%. On the other hand, the Cu-0.5Si/VGCFs exhibited quite similar mechanical properties to the Cu-0.5Si alloy. (2) Regarding the electrical properties, the Cu-0.4Ti/XVGCFs composites demonstrated an increased electrical conductivity with increasing the content of VGCFs up to approximately 0.1 mass%. The Cu-0.4Ti/0.1VGCFs composite exhibited a value of 85.6 IACS%, which was twice as large as that of Cu-0.4Ti. In contrary, the Cu-0.5Si/XVGCFs composite showed no noticeable change of the electrical conductivity by VGCF addition, similar to that of mechanical properties. (3) The microstructural examination suggested that, with an addition of VGCFs, the Ti content was reduced in the copper matrix and concentrated along the VGCFs-matrix interface. TiC phase was identi ed at the Ti-rich sites. On the other hand, the Si element was uniformly dispersed in both VGCFs reinforced and non-reinforced Cu-0.5Si materials, and no Si concentration was detected. (4) The tensile strength of Cu-Ti alloys was found highly dependent on the Ti content. A theoretical evaluation of the strength of Cu-0.4Ti/0.1VGCFs suggested that, accompanying the decreased strength in copper matrix as a result of Ti reduction, the in-situ formed TiC particles and possibly remaining VGCFs and Cu-Ti compounds on the other hand strengthened the composite through disperse strengthening and load transfer mechanisms.
